Humans commonly use their hands to move and to interact with their environment, by processing visual and proprioceptive information to determine the location of a goal-object and the initial hand position. It remains elusive, however, how the human brain fully uses this sensory information to generate accurate movements. In monkeys, it appears that frontal and parietal areas use and combine gaze and hand signals to generate movements, while in humans, prior work has separately assessed how the brain uses these two signals. Here, we investigated, whether and how the human brain integrates gaze orientation and hand position during simple visually triggered finger tapping. We hypothesized that parietal, frontal and sub-cortical regions involved in movement production would also exhibit modulation of movement-related activation as a function of gaze and hand positions. We used functional MRI to measure brain activation while healthy young adults performed a visually cued finger movement and fixed gaze at each of three locations and held the arm in two different configurations. We found several areas that exhibited activation related to a mixture of these hand and gaze positions; these included the sensory-motor cortex, supramarginal gyrus, superior parietal lobule, superior frontal gyrus, anterior cingulate, and left cerebellum. We also found regions within the left insula, left cuneus, left mid-cingulate gyrus, left putamen, and right tempo-occipital junction with activation driven only by gaze orientation. Finally, clusters with hand position position effects were found in the cerebellum bilaterally. Our results indicate that these areas integrate at least two signals to perform visual-motor actions and that these could be used to subserve sensory-motor transformations.
parietal areas use and combine gaze and hand signals to generate movements, while in humans, prior work has separately assessed how the brain uses these two signals. Here, we investigated, whether and how the human brain integrates gaze orientation and hand position during simple visually triggered finger tapping. We hypothesized that parietal, frontal and sub-cortical regions involved in movement production would also exhibit modulation of movement-related activation as a function of gaze and hand positions. We used functional MRI to measure brain activation while healthy young adults performed a visually cued finger movement and fixed gaze at each of three locations and held the arm in two different configurations. We found several areas that exhibited activation related to a mixture of these hand and gaze positions; these included the sensory-motor cortex, supramarginal gyrus, superior parietal lobule, superior frontal gyrus, anterior cingulate, and left cerebellum. We also found regions within the left insula, left cuneus, left mid-cingulate gyrus, left putamen, and right tempo-occipital junction with activation driven only by gaze orientation. Finally, clusters with hand position position effects were found in the cerebellum bilaterally. Our results indicate that these areas integrate at least two signals to perform visual-motor actions and that these could be used to subserve sensory-motor transformations.
Bédard and Sanes
Gaze and hand brain representations 3
Everyday we interact with our environment by moving our hands to grasp objects, type, and implement other goal-directed upper-limb movements. To generate accurate and efficient visually-guided hand movements, one determines the position of a visible target and the initial hand position using vision and proprioception and an internal model. The importance of computing gaze and hand positions for successful arm movements is well established since misreaching can occur when one or both of these sources of information is absent or altered (Prablanc et al. 1979; Rothwell et al. 1982; Sanes et al. 1984; Bock et al. 1986; Rossetti et al. 1994; Enright 1995; McIntyre et al. 1997; Desmurget et al. 1998; Henriques et al. 1998; Bédard and Proteau 2001, 2005) . Many neurophysiological studies in monkeys and neuroimaging studies with humans have revealed that gaze orientation and hand position represent prominent parameters computed by the brain when generating hand movements.
Gaze orientation modulates neuronal spike counts in parietal cortical areas (Andersen and Mountcastle 1983; Andersen et al. 1985; Batista et al. 1999; Battaglia-Mayer et al. 2000 , 2003 Buneo et al. 2002; Cisek and Kalaska 2002; Pesaran et al. 2006 ) and the ventral and dorsal parts of the premotor cortex (PMv and PMd; Mushiake et al. 1997; Boussaoud et al. 1998; Jouffrais and Boussaoud 1999; Cisek and Kalaska 2002; Pesaran et al. 2006 ) when monkeys reach voluntarily; the same effect has not yet been observed in primary motor cortex (M1; Mushiake et al. 1997) . Neurons in the visual cortex also exhibit gaze-related modulation of spiking upon processing visual information (Trotter and Celebrini 1999; Rosenbluth and Allman 2002) . In humans, neuroimaging studies have shown that gaze orientation modulates visual processing in visual areas (DeSouza et al. 2002; Andersson et al. 2006; Bédard et al. 2008 ) and hand movement-related activation in parietal (Baker et al. 1999; DeSouza et al. 2000; Medendorp et al. 2003; Bédard et al. 2008 ) and frontal motor-related areas (Baker et al. 1999; Bédard et al. 2008 ). Importantly, these gaze effects on visual processing and arm movements, yield a
Gaze and hand brain representations 4 structured spatial organization. Neuroimaging studies have revealed that more functional MRI signal is generated in a gradient like fashion as gaze deviates from the left towards the right of the body midline for movements made with the right hand (Baker et al. 1999; DeSouza et al. 2000; Bédard et al. 2008 ) and the converse holds true for left hand movements (DeSouza et al.
2000).
Prior results have also demonstrated that the brain codes for geometric configuration of the arm, insofar as neural spiking in monkey Brodmann area 5 seems to represent updates of the location of the initial hand position (Lacquaniti et al. 1995; Graziano et al. 2000; Graziano 2001) and that arm configuration in the workspace modifies the activity in parietal cortex, PM and M1 upon reaching and isometric force exertion (Caminiti et al. 1990 (Caminiti et al. , 1991 Scott et al. 1997; Scott and Kalaska 1997; Kakei et al. 2001; Sergio and Kalaska 2003; Pesaran et al. 2006) . In humans, a frontal-parietal network appears to code arm configuration since parietal cortical damage impairs the internal representation of the body's state (Wolpert et al. 1998) , and neuroimaging studies have revealed frontal-parietal activation upon updating body's configuration to plan arm movements or to localize visual stimuli (Rushworth et al. 1997; Lloyd et al. 2003; Pellijef et al. 2006; Makin et al. 2007 ).
Studies done with monkeys have also revealed that some areas in a parietal-frontal network, such as PM and within the intraparietal sulcus, code movements with respect to both gaze and hand positions (Battaglia-Mayer et al. 2000 , 2001 , 2003 Buneo et al. 2002; Pesaran et al. 2006 ).
In humans, however, prior studies required that participants point or saccade to a set of targets while their eyes or hand, respectively, remained stationary (e.g., Simon et al. 2002; Astafiev et al. 2003; Connolly et al. 2003; Gorbet et al. 2004; Medendorp et al. 2003; Beurze et al. 2006; Bédard et al. 2008) , or the data were analyzed only across gaze or hand positions (DeSouza et al. 2000) . Finally, others assessed how the brain integrates target location and choice of effector we would predict the existence of both eye-and hand-centered representations in humans for these postural and non-goal directed movements.
To address these issues, we designed an event-related fMRI experiment to determine how the human brain combines gaze orientation and hand position upon generating arm muscles commands. Building on previous work (e.g., Baker et al. 1999; DeSouza et al. 2000; Buneo et al. 2002; Bédard et al. 2008) , we hypothesized that the spatial organization of gaze effects will be altered by changing hand position in the workspace. This manipulation also tests an underlying conclusion of prior work in our lab on gaze effects of finger movement-related activation (Baker et al. 1999; Bédard et al. 2008) ; that pertaining to maximal effects of gaze on
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Gaze and hand brain representations 6 movement related activation when gaze and hand were aligned in the same spatial sector. We further reasoned that these hand-gaze interaction effects should appear in the brain areas along a frontal-parietal network and possibly sub-cortical structures such as the cerebellum and putamen.
Method

Participants, tasks and apparatus
We recruited 15 healthy adults from the Brown University community (aged 19-34 years; 8 females, 7 males, all right-handed as assessed by a modified handedness scale, Oldfield 1971).
They had no history of neurological, sensory or motor disorder. All participants provided written informed consent according to established Institution Review Board guidelines for human participation in experimental procedures at Brown University and Memorial Hospital of Rhode Island (the site of the MR imaging). We adhered to the principles of the Declaration of Helsinki.
Participants received modest monetary compensation for their participation.
The experiment was divided in six runs of scanning (6.18 min/run; Fig. 1A ). During each run, participants received instructions to fix gaze at one of three visible targets (black annulus), either left, center, or right of their body midline; only one annulus was visible at any given time.
Each target was used once per run and the order of target presentation occurred randomly for each run. Thus, gaze was maintained at a target location for one-third of each run (~2 min). At the end of that interval, the target disappeared and a new target appeared. For each gaze position, participants tapped thrice (at 3 Hz) with their right thumb when the center of the annulus turned from white to black (Fig. 1A , Tap). These movement cues occurred 10 times per gaze position. We also included 10 null-trials in which no cue to tap appeared; these occurred randomly within the 10 movement-trials. We added null-trials to allow better disentanglement of the tapping-related functional MRI signals by stretching out the time in between events. We 7 considered these data points as a baseline control. The order of presentation of both types of trials was randomized. Both types of trials occurred with varying trial-onset-asynchronies (3.86, 4.825, 5.79, 6.755, or 7 .72 s) and these occurred randomly (and on the average) once every five trials, to facilitate the subsequent event-related functional MRI data analysis procedures. The design did not include a traditional preparatory period, that is, one have a warning stimulus.
While participants might have elected to prepare upcoming movements during the interval between trials, they could not accurately predict the onset of any one trial. 
MRI procedures
We used a 1.5T Symphony MRI Magnetom MR system equipped with Quantum gradients (Siemens Medical Solutions, Erlangen, Germany) to acquire anatomical and functional MR images. Participants lay supine inside the magnet bore with the head resting inside a circularly polarized receive-only head coil used for radio frequency reception; the body coil transmitted radio frequency signals. Head movements were reduced by cushioning and mild restraint. After shimming the standing magnetic field, we acquired a high-resolution three-dimensional anatomical image consisting of 160 1 mm parasagittal slices (magnetization prepared rapid acquisition gradient echo sequence, MPRAGE; repetition time (TR) = 1900 msec, echo time (TE) = 4.15 msec, inversion time = 20 msec, 1 mm isotropic voxels, 256 mm field of view). We then acquired T2*-weighted gradient echo images using the blood oxygenation level-dependent (BOLD) mechanism (Kwong et al. 1992; Ogawa et al. 1992 runs. Then, the BOLD data set for each participant was motion corrected to the third image acquired using a six-parameter rigid-body cubic polynomial interpolation (3dvolreg tool in AFNI). We then co-registered and normalized the anatomical and functional data sets to the MNI152 template using FSL and finally spatially smoothed the functional data set with a 6 mm full-width half-maximum Gaussian kernel.
MRI statistical analysis. The occurrence of each tapping cue in each of the six conditions (2 hand positions by 3 gaze positions) was convolved with a gamma variate function (waver tool in AFNI; Cohen, 1997) to yield an impulse response function. We then used these six reference functions and the six motion correction parameters as inputs to a multiple regression analysis (3dDeconvolve tool in AFNI) to estimate the ® weight of each condition on a voxel-wise base.
Reported results come from group-wise, random-effect analyses.
To assess condition-dependent activation, we first identified voxels having significant finger movement-related activation by testing the null hypothesis that finger movement did not elicit activation using a t-test for each target separately and retaining voxels that passed a threshold of p ≤ 0.001 for at least one of the six conditions. We then corrected the resulting voxel-level analysis, we note that when the hand was positioned to the right, finger movement-related activation when gaze was directed centrally or rightward ubiquitously exceeded that for leftward gaze; however, for some participants and for some regions, we found non-linear effects as gaze shifted from left to center to right. To evaluate the time course of physiological responses, we used a deconvolution procedure (3dDeconvolve tool in AFNI) and estimated the hemodynamic response for each TR following the finger-tap response from 0 to 12 sec and re-sampled it to half-TR for illustration. To localize activation to brain areas, we used the brain atlas of Duvernoy (1991) , the cerebellum atlas of Schmahmann et al. (1999) , and a web-based human brain atlas (www.msu.edu/~brains/brains/human/index.html).
Results
Behavior
We first determined whether participants maintained their gaze on the target as they tapped their thumb by inspecting the eye position samples corresponding to the first 600 ms after the target turned black. During this interval, we identified gaze position samples >3° beyond the median gaze position required for a particular target and considered these samples as eye movements only if four or more consecutive samples fell outside that range. Using this criterion, less than 2% of the trials across the group contained eye movements. Figure 1C illustrates gaze positions in the horizontal dimension for two representative participants. Note that gaze remained anchored on the target during finger movements for both hand positions (separated by the vertical dashed line). With this preponderance of evidence that participants fundamentally and continuously maintained fixation on the required target, we decided not to reject any trials from the functional MRI analysis.
Next, we tested whether manual reaction time (RT, defined as the elapsed time between the onset of the tapping cue and the occurrence of the first tap) differed as a function of hand and/or gaze positions. We eliminated two behavioral data sets due to hardware malfunctions. We tested the null-hypothesis of no difference of RT across all conditions, using a two-way ANOVA 
Movement-related activation
We found 19 clusters that exhibited finger movement-related activation (Table 1 , Fig. 2 ).
We found activation in several regions traditionally considered as movement-related including the left sensorimotor cortex (labeled SMC in Fig 2) , that spanned left M1 (BA4) and primary somatic sensory cortex (BA1-3); in a contiguous region that encompassed the motor area of the left cingulate gyrus (Picard and Strick 2001) and the left SMA (hereafter called ACC/SMA, BA32, BA24, BA6; note p = 0.06); in the left mid-cingulate gyrus (BA24; labeled mid-ACC); a region corresponding to the anterior superior parietal lobule (BA5) and part of the left precuneus (BA7; labeled SPL), and the right supramarginal gyrus (SMG, BA40). We also found activation in the left cuneus (BA31), left superior frontal gyrus (SFG, BA8), right pre-central gyrus (BA4), and in the tempo-occipital junction (39, 22; labeled TOJ). In sub-cortical areas, we found two activation clusters in the left cerebellum (CR-VIIIb and CR-VI) and also two clusters in the right cerebellum (CR-V and CR-VIIa). We also found two clusters in the left putamen (labeled put-1 and put-2), left insula, left sub-thalamic nucleus (STN), right thalamus, and in the left caudate nucleus.
Next, we assessed how gaze and hand positions modulated brain activation in these aforementioned clusters with a two-way repeated measures ANOVA (two Hand positions by two Gaze positions). We found four clusters with a significant Hand by Gaze interaction that included the left SFG (BA 8), left cerebellum (CR-VIIIb), right SMG (BA 40), and left SPL (BA 5-7). We also found two clusters with a marginal interaction in the left ACC/SMA (BA 6, 24, 32; p = 0.088) and in the SMC (p = 0.109); all others clusters had non-significant changes in activation (p > 0.13). Fig. 3A illustrates the location of significant activation for the clusters that exhibited a Gaze by Hand interaction. We then explored the interaction using post-hoc t-tests.
When the hand was on the right, the activation of these clusters was higher (p ≤ 0.05) when participants fixed gaze rightward compared to when they fixed gaze leftward, though the difference did not reach statistical significance for the left cerebellum (p = 0.23). However, when the hand was positioned to the left, only the cerebellum depicted gaze effects with more activation while gazing left (p ≤ 0.001); otherwise we did not reject the null hypothesis of no difference in finger-movement related activation between rightward and leftward gaze. These results demonstrate that the effect of gaze orientation on movement-related activation shown in 13 our previous work and others (Baker et al. 1999; DeSouza et al. 2000; Bédard et al. 2008 ) was changed by moving the hand to a different location.
The ANOVA also revealed a significant main effect of Gaze position in six other clusters exhibiting finger movement-related activation ( Fig 3B) ; these regions included the left insula, left cuneus (BA31), left mid-cingulate gyrus (BA24, labeled mid-ACC), left putamen (labeled put-2), and right tempo-occipital junction (BA39-22, labeled TOJ). All these clusters but the left cuneus, depicted more activation when participants gazed right than left; the converse occurred for the left cuneus. Finally, the ANOVA revealed significant main effect of Hand position in the right cerebellum (CR-V), right cerebellum (CR-VIIA), and left cerebellum (CR-VI) with all these regions showing more activation when the hand was positioned to the left of the body ( Fig   3C) . Fig. 3D illustrates the evoked hemodynamic response obtained from one participant from a region in the right cerebellum (CR-VIIA) identified at the group level to exhibit a difference in activation related to eye and hand position.Clusters in which no effects were found included the left putamen (put-1), caudate nucleus/thalamus, thalamus, right pre-central gyrus, and left STN/thalamus (data not shown).
Discussion
To generate appropriate arm motor commands, the brain identifies the initial conditions for movement and computes target location. We investigated how the brain combines gaze orientation and initial hand position to generate movements since previous work in human studied how the brain codes these movements in relation to gaze or hand position (e.g., Baker et al. 1999; DeSouza et al. 2000; Bédard et al. 2008; Wolpert et al. 1998) positions. We found activation that had sensitivity to both gaze and hand position in several cortical and sub-cortical regions such as SMC, SPL, ACC/SMA, primarily those previously identified as having involvement in generating hand movements, as was shown in the monkeys (Caminiti et al. 1990 (Caminiti et al. , 1991 Battaglia-Mayer et al. 2000 , 2001 Buneo et al. 2002) . We also found areas like the right and left cerebellum that only used hand signals to code hand movements and others like the cuneus, mid-ACC and putamen that only used gaze signals.
Our results replicate previous studies that found that gaze orientation modulated movementrelated activation in humans (Baker et al. 1999; DeSouza et al. 2000; Medendorp et al. 2003; Bédard et al. 2008 ) and in monkeys (Batista et al. 1999; Buneo et al. 2002; Pesaran et al. 2006 ).
We also found that these gaze effects were organized spatially in the workspace as shown in our previous studies with a strong preference for increased activation as gaze deviated rightward Previously, we found gaze effects in M1, ACC, and SMA (Baker et al. 1999; Bédard et al. 2008 ), which had not been previously observed (Mushiake et al. 1997; DeSouza et al. 2000) . In our earlier work, we also described augmented finger movement-related activation (using the right hand) as gaze deviated toward the right sector of space. The current interaction, as found in several regions, add two features to interactions between hand movements and gaze position.
First, alignment of gaze and the right hand to the left of the body does not necessarily yield augmented activation; we observed this only in one cluster. Second, it appears, instead, that there exists a mixture of gaze and hand signals in the ACC and SMA components of a pre-motor system that has anatomical projections both to M1 and to the spinal cord (Dum and Strick 1991 , 1996 , 2002 He et al. 1993 He et al. , 1995 . In M1, neuronal spiking relates to various kinematic and kinetic parameters of movement (Georgopoulos et al. 1982; Kakei et al. 2003; Paninski et al. 2004; Sergio et al. 2005 ), but no current evidence exists that links gaze with output from M1 Lacquaniti et al. 1995; Scott et al. 1997; Battaglia-Mayer et al. 2000 , 2003 Graziano et al. 2000; Buneo et al. 2002) and project to frontal motor areas and sub-cortical areas (Strick and Kim 1978; Petrides and Panya, 1984; Johnson et al. 1996; Marconi et al. 2001 ).
Thus, this region seemed well positioned to participate in the sensory-motor transformations necessary to generate hand movements by transforming sensory information about target location and hand position using gaze and hand signals. Cluster volume in µl with one voxel = 27 µl. Mean Intensity represents the average activation across all conditions and Max Intensity represent the maximal value within a cluster.
Coordinates represent the center of mass of an activation cluster, with +x indicating left hemisphere. 
